recent work from Sato et al. 5 showing that fully mature sperm capable of fertilization can be produced in vitro from early-stage mouse germ cells. These advances have implications not only for human medicine, but also for applications that facilitate reproduction in threatened or endangered species and could greatly advance conservation efforts.
INTRODUCTION
Spermatogonial stem cells (SSCs) are relatively rare cells that are found along the basement membrane of the seminiferous tubule in the testis, and their progeny give rise to all stages of the spermatogenic lineage. Our understanding of how spermatogonia undergo the complex structural, molecular and functional changes that eventually result in the generation of fully functional spermatozoa has evolved during the past 3 centuries.
The initial histological techniques used to study spermatogenesis in the 19 th century have been supplemented over the years by an increasingly sophisticated array of techniques to identify, isolate and study SSCs. Early studies were directed toward developing a descriptive and mechanistic understanding of how spermatogenesis occurred. However, our recent ability to obtain and manipulate SSCs [1] [2] [3] [4] has led to a better understanding of the developmental capabilities of these cells and has opened up the possibility of therapeutic applications in human reproductive medicine and other fields.
Therapeutic treatment with SSCs to restore fertility is now feasible for men in whom spermatogenesis has been impaired or lost due to chemotherapy or other causes. The recent demonstration by Hermann et al. 1 that autologous or allogeneic SSCs could be used to restore spermatogenesis in nonhuman primates where endogenous spermatogenesis had been ablated by use of chemotherapeutic drugs indicates that this type of approach might soon be possible in humans. The possibilities of successfully producing sperm in vitro as a therapeutic approach for certain types of infertility was emphasized by limitations of SSCs for use in regenerative medicine. We will first discuss the history and current state of other cell types that have played a critical role in the emerging field of regenerative medicine, and then discuss how SSCs may provide a unique tool for regeneration of human organs and tissues.
HISTORICAL BACKGROUND -ISOLATION AND DERIVATION OF CELLS CAPABLE OF GENERATING TISSUES FROM ALL GERM LAYERS
There has been substantial interest in using stem cells for various applications in regenerative medicine since the pioneering work of Martin, Evans and Kaufman in the late 1970's and early 1980's 12, 13 describing embryonic stem (ES) cells derived from mouse embryos that appeared to have at least the potential to form any tissue or cell type. Interest in this field became more intense with the report of successful production of pluripotent human ES cells in 1998 by Thomson et al. 14 These cells attracted intense interest from the scientific community because of their potential ability to differentiate into any cell type, and thus use of these cells could allow tissue or organ function to be restored in humans. Despite rapid technical advances and numerous demonstrations of the ability of these cells to give rise to a wide variety of clinically relevant cell types, the clinical future of human ES cells was always unclear because of the ethical, legal and moral issues involved in the destruction of human embryos to harvest ES cells and the need for therapeutic cloning for their optimal use.
These hurdles were at least partially overcome by Takahashi and Yamanaka et al. 15 who derived induced pluripotent stem cells (iPSCs) using viral vectors to deliver the genes for a small combination of transcription factors into terminally differentiated cells. These iPSCs have many qualities of ES cells, and their production does not involve the destruction of embryos or therapeutic cloning. As with ES cells, a technique for producing iPSCs was initially developed with murine cells but was soon applied to human cells, and pluripotency was induced in human skin fibroblasts using the same approach. [16] [17] [18] The iPSC technology has immense potential for clinical therapy, as shown by the recent demonstration that human iPSCs could be differentiated into functional pancreatic beta cells in vitro that showed glucose-responsive insulin production. 19 Furthermore, these cells avoid some ethical and moral issues associated with ES cells. Despite the promise of this technique, there was concern initially that genomic insertion of genes introduced into the cellular genome by viral vectors 20, 21 would result in an increased risk of tumorigenicity [22] [23] [24] either through disrupting endogenous genes at their insertion sites, or through production of exogenous factors introduced by viral vectors. A report that iPSCs could generate an immune response even in an autologous host also increased concern about using these cells clinically. 25 To obviate concerns regarding risks of tumorigenicity from cells in which genes for transcription factors have been incorporated into the genome, a variety of new techniques have been developed. These involve new viral vectors that do not result in the introduced genes being inserted into the genome, the use of reprogramming proteins, rather than genes for these factors, to induce pluripotency, and the use of chemical cocktails that mimic the effects of the reprogramming factors. 26, 27 
POTENTIAL USE OF SPERMATOGONIAL STEM CELLS IN REGENERATIVE MEDICINE
Currently, the only stem cell therapy widely accepted and used clinically is adult bone-marrow-derived stem cells for treatment of blood disorders and other conditions, a technique originally developed in the 1950's. 28 However, the use of limbal stem cells, another type of adult stem cell, for repair of the cornea has shown success in human patients and may soon be used clinically. [29] [30] [31] Given the limited capacity for expansion and potentially restricted differentiation potential of some adult stem cells, a great deal of attention is now focused on developing therapies from pluripotent stem cells, primarily iPSCs. Despite intense research interest and the unquestioned promise of iPSCs, it is unclear whether they are the best cells to use in regenerative applications, given the need for reprogramming these cells prior to clinical applications. Other multipotent or pluripotent cell types such as SSCs, which are capable of forming other tissue types without requiring reprogramming, may have a role in the future of regenerative medicine. The remainder of this review focuses on the potential use of SSCs in regenerative medicine.
SPERMATOGONIAL STEM CELLS DERIVED FROM MICE ARE PLURIPOTENT
In the embryo, primordial germ cells (PGCs) arise as a small cluster of cells in the proximal epiblast near the extra-embryonic ectoderm. Following their initial development, PGCs migrate into the developing gonads at about 4-5 weeks of gestation in humans and 11-13 days postcoitus in rodents. 32 The PGCs then become mitotically quiescent until birth and are called gonocytes. Gonocytes resume mitosis and migrate to the basement membrane of seminiferous tubules shortly after birth, where they form SSCs and subsequently remain throughout life. Interestingly, gene expression in early germ cells is very similar to ES cells, and their overall gene expression pattern suggests that SSCs have a gene profile that is more undifferentiated than other adult stem cells. 33, 34 In the testicular microenvironment, SSCs typically produce only cells of the spermatogenic lineage and thus appear to be unipotent. Freshly isolated SSCs may likely also be unipotent, but it appears that altering the SSC environment in certain ways may lead to the generation of pluripotent cells from these SSCs. The groundbreaking demonstration that isolated neonatal murine SSCs can produce ES-like cells when grown for extended periods in ES cell culture conditions 7, 9 suggested that at least neonatal SSCs might be capable of giving rise to a wide variety of tissue and cell types. This initial work was followed by studies showing that adult mouse SSCs produced ES-like colonies, which in turn gave rise to cell types derived from all three embryonic germ layers and produced teratomas when injected subcutaneously into nude mice. [35] [36] [37] [38] In addition, these ES-like cells contributed to embryonic development when injected into blastocysts. [36] [37] [38] Subsequent work has shown that the SSC-derived ES-like cells differentiate into mature cardiac and endothelial cells, and functional neurons and glia. 35, [39] [40] [41] Additional results have shown that SSCs can be induced to dedifferentiate in vitro and then develop into hematopoietic tissue, kidney and hepatocytes, as well as oocyte-like cells. [38] [39] [40] [41] [42] ADULT HUMAN SPERMATOGONIAL STEM CELLS ARE PLURIPOTENT Studies showing that neonatal and adult murine SSCs were multipotent or pluripotent suggested possible applications in human regenerative medicine. A key question then was whether human SSCs could be effectively isolated and whether they had similar potential to give rise to other cell types. This was quickly shown to be the case, and protocols were published for isolation and extended culture of human SSCs. Importantly, cell populations derived from human SSCs using methodologies similar to the original mouse work had ES-like characteristics and were pluripotent. 2, 4, 10, 11 Some studies used human testicular biopsies 4, 10 illustrating the feasibility of obtaining and propagating patient-specific SSCs that could be converted into tissue types needed for therapy. Thus, in addition to cultured SSCs giving rise to an undifferentiated cell type that is then capable of differentiating into other tissue, SSCs may be able to directly give rise to other cell types, and this further emphasizes their clinical potential.
SPERMATOGONIAL STEM CELLS DIFFERENTIATE INTO VARIOUS EPITHELIA IN A TISSUE RECOMBINATION SYSTEM
Despite our results indicating that SSCs formed tissues of all germ layers when recombined with inductive mesenchymes, the steps by which SSCs are converted into these tissue types were not clear from these initial experiments. One possibility was that SSCs recombined with inductive mesenchyme de-differentiated into ES-like cells, and then differentiated into a new tissue under the inductive influence of the mesenchyme. Alternatively, SSCs may have directly differentiated into prostatic or other epithelial cells without transition through an intermediate pluripotent ES-like cell stage under the influence of differentiation-inducing factors produced by the inductive tissue.
To understand the steps involved and potential mechanisms of induction of SSCs into prostatic epithelium, wild-type urogenital sinus mesenchyme (UGM; a potent instructive inducer of prostatic epithelium) derived from day 16 mouse fetuses was recombined with SSCs derived from 6-day-old mice expressing green fluorescent protein (GFP) as a lineage marker and grafted under the renal capsule of host mice. Tissue recombinants were then examined 1, 2, 4 and 8 days after grafting. The UGM + SSCs tissue recombinants harvested 4 days after grafting expressed a key prostatic marker, Nkx3.1 (Figure 1a) . Nkx3.1, a murine homolog of drosophila bagpipe, is not only a marker of prostatic epithelium but is also critically involved in epithelial ductal branching and proliferation in prostate. 43 Eight days following grafting, SSCs had formed histologically normal prostatic epithelium that was of SSC origin based on GFP expression (Figure 1a-1c) .
In addition to Nkx3.1 expression, the tissue recombinants also expressed mRNA for p63 (Cooke and Simon, unpublished results), a selective marker of prostatic basal cells. 44 Basal cells are the precursors to secretory cells in the prostate. Thus, UGM + SSCs tissue recombinants show histologically identifiable prostatic epithelium 8 days after grafting and evidence of early expression of key genes involved in prostatic development and morphogenesis (Nkx3.1 and p63 expression) after only 4 days of grafting. This rapid differentiation of SSCs into prostatic epithelium suggests that SSCs could be directly differentiating into prostatic epithelium without intermediate differentiation into ES-like cells (Simon and Cooke, unpublished) .
TISSUE RECOMBINATIONS OF UROGENITAL SINUS MESENCHYME + SPERMATOGONIAL STEM CELLS DO NOT EXPRESS PLURIPOTENCY MARKERS
One hallmark of ES cells is that they express pluripotency markers. 33, 34 To determine if SSCs in tissue recombinants expressed pluripotency markers during differentiation into prostatic epithelium, tissue recombinants of UGM + SSCs were examined 1, 2 and 4 days after grafting for pluripotency markers such as stage-specific embryonic antigen 1, sex determining region Y-box 2 and Nanog. 33, 34 None of the pluripotency markers were detected through quantitative reverse transcriptase polymerase chain reaction at any of the time points tested (Simon and Cooke, unpublished results). Furthermore, SSCs markers such as GDNF family receptor alpha-1 and promyelocytic leukemia zinc finger were also down-regulated in the tissue recombinants at day 1, 2, and 4 (Simon and Cooke, unpublished results). These results suggest that differentiation of SSCs into prostatic epithelium appears to be a direct transition that involves the rapid loss of SSC characteristics and may not involve an intermediate ES cell-like stage prior to manifestation of prostatic epithelial differentiation.
If SSCs directly differentiate into other tissue types without an intermediate ES-cell like stage, this may circumvent some limitations associated with the current methodology of differentiating SSCs into other cells. For example, it might be unnecessary to culture SSCs for an extended time for them to give rise to ES-like cells if under the appropriate conditions SSCs can directly convert to other tissue types. Additional studies are required to understand the mechanisms involved in direct differentiation of SSCs, but these results highlight the clinical potential of these cells.
ARE OTHER STEM CELLS POTENTIALLY PLURIPOTENT?
The ability of SSCs to give rise to other tissues derived from all germ layers suggests that these cells could potentially have important applications in regenerative medicine. However, a critical question is whether this capability is unique to SSCs or is common to many or all other stem cells. This question has major implications not only for understanding stem cell plasticity, but also for various regenerative applications. The current intense research focus on iPSCs results in part from the assumption that these cells may be more plastic than stem cells derived from other tissues or organs. Our work 8 and that of others 2, 3, 9, 11, [37] [38] [39] [40] [41] [42] suggest that SSCs could potentially have plasticity rivaling that of iPSCs or ES cells. Is there something unique about SSCs, due to their developmental history or other factors, which makes them potentially more plastic than other stem cells? Our research with other stem cell populations suggests that this might be the case.
MESOANGIOBLASTS FORM MESODERMAL DERIVATIVES BUT MAY BE DEVELOPMENTALLY LIMITED COMPARED TO SPERMATOGONIAL STEM CELLS
Mesoangioblasts are blood vessel-derived stem cells that express markers of endothelial cells, hematopoietic stem cells, and pericytes. [45] [46] [47] [48] Upon transplantation into quail and chick embryos, mesoangioblasts isolated from embryonic vessels differentiated into cell types of mesodermal origin, including smooth, skeletal and cardiac muscle cells, pericytes in capillaries, bone, hyaline cartilage, and blood. 46 However, mesoangioblasts express genes specific to neural stem cells 49 and following transplantation into severely damaged skeletal muscle in a murine model of severe dystrophy, mesoangioblasts from juvenile vessels differentiated into Schwann cells as well as smooth, skeletal, and cardiac muscle cells and skeletal muscle stem cells. 47, [50] [51] [52] These data suggest that mesoangioblasts have ectodermal potential as well as mesodermal potential. In vitro studies of purified mesoangioblast cultures and transplantation of mesoangioblasts into murine brain supported their potential to generate myelinating glial cells. 48 Tissue recombination with instructive mesenchymes was conducted to explore the potential of mesoangioblasts to differentiate into derivatives of all germ layers 53 and compare the differentiation ability of mesangioblasts to that of SSCs. Recombining uterine mesenchyme with mesoangioblasts resulted in the formation of morphologically and functionally normal simple columnar uterine epithelium by mesoangioblasts, 53 a result similar to what we obtained previously using SSCs combined with uterine mesenchyme. 8 This uterine epithelium expressed all uterine epithelial markers tested, including cytokeratin 8 and estrogen receptor 1. Furthermore, estrogen administration to ovariectomized graft hosts stimulated proliferation and down-regulated the progesterone receptor in epithelial cells of mesoangioblast origin in the grafts, which are typical responses of the uterine epithelium to estrogen. These data indicate that similar to SSCs, mesoangioblasts can differentiate as morphologically and functionally normal uterine epithelium in response to cues from neonatal uterine mesenchyme and represent the first report of the potential of mesoangioblasts to generate epithelial cells. 53 Recombining UGM, which successfully induced prostatic epithelial differentiation in SSCs, 8 with mesoangioblasts did not yield prostatic epithelium, 53 indicating that mesoangioblasts were not capable of differentiating into this epithelium of endodermal origin in response to UGM. This result is consistent with previous reports that mesoangioblasts did not give rise to cells of endodermal origin following transplantation into embryos of different species. 46 Similarly, recombination with fetal dermis also failed to result in differentiation of mesoangioblasts into epidermis, 53 in contrast to SSCs, 8 indicating that the mesoangioblasts did not generate epithelial cells of ectodermal origin. These data indicate that while mesoangioblasts generate myelinating glial cells, 48 their potential to give rise to ectodermal derivatives is limited. In agreement with this assertion, independent attempts by other researchers to induce neuronal differentiation from mesoangioblasts were also unsuccessful. 49 Collectively, our tissue recombination studies are consistent with previous studies showing the potential of mesoangioblasts to give rise to many mesodermal derivatives. However, mesoangioblasts appear to lack the full potential to generate ectodermal and endodermal derivatives such as skin epidermis and prostatic epithelium seen with SSCs. These studies showing limited developmental capability of mesoangioblasts contrast with the ability of SSCs to give rise to tissues of all germ layers in this tissue recombination system. 8 
SUMMARY AND CONCLUSIONS
Work from many laboratories over the past decade has demonstrated the remarkable capacity of SSCs from both humans and rodents to form a wide variety of other tissue types under the correct environmental conditions. This capacity of SSCs to make tissues derived from all germ layers contrasts with another stem cell type, mesoangioblasts, and suggests that SSCs may have unique attributes not shared by other stem cell types, which may make them valuable in regenerative medicine. Additional work is clearly required to address basic questions such as the exact mechanism by which SSCs are converted into another cell type, as well as the mechanistic basis of why other stem cell types may not share this capacity. The promise of stem cells in regenerative medicine is immense, and SSCs may have a role to play as this exciting scientific field continues to develop.
One limitation to the use of SSCs as a source of pluripotent tissues that has been frequently discussed is that if this approach were used only for autologous grafts where the stem cell donor and recipient are the same individual, this methodology would only be applicable to males. The recent demonstration that female germ-line stem cells obtained from neonatal mouse ovaries manifest the same pluripotent characteristics as SSCs under certain experimental conditions 54 suggests that both male and female germ cells may have potential in the field of regenerative medicine. 
